Myostatin is a secreted protein that normally functions as a negative regulator of muscle growth. Agents capable of blocking the myostatin signaling pathway could have important applications for treating human muscle degenerative diseases as well as for enhancing livestock production. Here we describe a potent myostatin inhibitor, a soluble form of the activin type IIB receptor (ACVR2B), which can cause dramatic increases in muscle mass (up to 60% in 2 weeks) when injected into wild-type mice. Furthermore, we show that the effect of the soluble receptor is attenuated but not eliminated in Mstn ؊/؊ mice, suggesting that at least one other ligand in addition to myostatin normally functions to limit muscle growth. Finally, we provide genetic evidence that these ligands signal through both activin type II receptors, ACVR2 and ACVR2B, to regulate muscle growth in vivo.
Myostatin is a secreted protein that normally functions as a negative regulator of muscle growth. Agents capable of blocking the myostatin signaling pathway could have important applications for treating human muscle degenerative diseases as well as for enhancing livestock production. Here we describe a potent myostatin inhibitor, a soluble form of the activin type IIB receptor (ACVR2B), which can cause dramatic increases in muscle mass (up to 60% in 2 weeks) when injected into wild-type mice. Furthermore, we show that the effect of the soluble receptor is attenuated but not eliminated in Mstn ؊/؊ mice, suggesting that at least one other ligand in addition to myostatin normally functions to limit muscle growth. Finally, we provide genetic evidence that these ligands signal through both activin type II receptors, ACVR2 and ACVR2B, to regulate muscle growth in vivo.
myostatin ͉ TGF-␤ M yostatin is a TGF-␤ family member that plays a key role in regulating skeletal muscle growth (for review, see ref. 1 ). Mice carrying a targeted mutation in the myostatin gene have muscles that are about twice the normal size as a result of a combination of muscle fiber hyperplasia and hypertrophy (2) . Myostatin appears to play a similar role in other species as well; naturally occurring mutations in the myostatin gene have been shown to be responsible for the double-muscling phenotype in cattle (3) (4) (5) (6) , and recent studies have demonstrated that a human baby with approximately twice the normal muscle mass is also homozygous for a loss-of-function mutation in the MSTN gene (7) . These findings have raised the possibility that agents capable of targeting the myostatin signaling pathway may be useful for increasing muscle mass for both agricultural and human therapeutic applications. In this regard, loss of myostatin signaling has been shown to have beneficial effects in mouse models of muscle degenerative (8, 9) and metabolic (10) diseases.
Various myostatin-binding proteins have been identified that are capable of inhibiting myostatin activity in vitro (8, (11) (12) (13) (14) (15) (16) . Two of these proteins, the JA16 neutralizing monoclonal antibody (Ab) directed against myostatin (8, 15 ) and a mutant form of the myostatin propeptide resistant to members of the BMP-1͞tolloid family of metalloproteases (16) , have been shown to be capable of increasing muscle mass by Ϸ25% when administered to wild-type (WT) mice. To determine whether these increases in muscle growth are the maximal achievable by targeting this signaling pathway, we sought additional myostatin inhibitors that might have a broader specificity in their ability to target additional members of the TGF-␤ superfamily. Previous studies have demonstrated that myostatin is capable of binding the two activin type II receptors, ACVR2B and, to a lesser extent, ACVR2, in transfected COS cells (11, 17) . Moreover, transgenic mice in which a myosin light chain promoter͞ enhancer was used to express a truncated form of ACVR2B in skeletal muscle were found to have dramatic increases in muscle mass (11) . Because the activin type II receptors have been shown to be capable of binding a number of other TGF-␤ family members in addition to myostatin (for review, see ref. 18) , we examined the effect of administering a soluble form of ACVR2B (ACVR2B͞Fc) to adult mice.
Materials and Methods
Acvr2 (19) and Acvr2b (20) mutant mice were maintained on a hybrid C57BL͞6, 129 Sv͞J background. Mstn mutant mice (2) were maintained on a C57BL͞6 background. CHO cells expressing the extracellular domain of murine ACVR2B fused to a murine Fc domain were selected as described in ref. 21 . The ACVR2B͞Fc fusion protein was purified by using a protein A Sepharose column. Myostatin, GDF-11͞BMP-11, and activin activities were measured by using the pGL3-(CAGA) 12 -luciferase reporter assay in A204 rhabdomyosarcoma cells as described in ref. 12 . To analyze the effect of administering ACVR2B͞Fc to mice, 6-week-old females were injected i.p. on days 1, 4, 8, 15, and 22 either with ACVR2B͞Fc or with PBS and killed on day 29 for muscle analysis. For the experiments in which effects of ACVR2B͞Fc were assessed after 1, 2, or 3 weeks, animals were injected with ACVR2B͞Fc on day 22, days 15 and 22, or days 8, 15, and 22, respectively, and with PBS on each of the remaining time points (for example, on days 1, 4, and 8 for the 2-week experiment). For measurement of muscle weights, individual muscles from both sides of the animal were dissected, and the average weight was used for each muscle. For morphometric analysis, the gastrocnemius and plantaris muscles were sectioned serially to their widest point by using a cryostat, and fiber diameters were measured (as the shortest distance across the fiber passing through the midpoint) from hematoxylin͞eosin-stained sections. Quantification of protein and DNA content of the muscles was carried out as described in ref. 2 .
Results and Discussion
To generate a soluble form of the ACVR2B receptor with enhanced stability in vivo, we fused the extracellular domain of ACVR2B to an Fc domain. We generated CHO cells expressing high levels of ACVR2B͞Fc and then purified the protein from the conditioned medium of these CHO cells. As shown in Fig. 1A , the purified ACVR2B protein consisted of a disulfide-linked dimer with a monomeric molecular weight of Ϸ52,000. We first tested the ability of ACVR2B͞Fc to block myostatin signaling in cell culture by using a pGL3-(CAGA) 12 -luciferase reporter gene as a readout for activation of intracellular Smad proteins. As described previously (12) , incubation of myostatin with A204 rhabdomyosarcoma cells transfected with the reporter construct induced expression of luciferase above basal levels. Addition of ACVR2B͞Fc to the assay blocked myostatin activity in a dose-dependent manner with an IC 50 of Ϸ180 pM (Fig. 1B) . The potency of ACVR2B͞Fc in vitro was comparable with that seen for two other myostatin inhibitors, follistatin and the myostatin propeptide. ACVR2B͞Fc was also capable of blocking the activity of two other TGF-␤-related ligands, GDF-11͞BMP-11 and activin (Fig. 1C) .
We then examined the ability of ACVR2B͞Fc to enhance muscle growth in vivo. Female C57BL͞6 mice beginning at 6 weeks of age were given five i.p. injections of ACVR2B͞Fc over a span of 4 weeks at a dose of 10 mg͞kg per injection. We compared muscle weights in these mice with those of control mice that had received the same schedule of injections of PBS. In previous experiments, we had shown that an identical injection regimen using two other proteins, a control mouse monoclonal Ab and the myostatin propeptide fused to an Fc domain, had no effect compared with PBS (16) . In contrast, injection of ACVR2B͞Fc caused increases in muscle growth by 32-40% (Table 1) , an effect that was highly significant (P values ranged from 10 Ϫ7 to 10 Ϫ8 ). The effect of ACVR2B͞Fc on muscle growth was rapid, with the maximal effect being reached after only two injections spaced 1 week apart ( Table 1 ). The effect was also dose-dependent, and at the highest dose (50 mg͞kg), we were able to achieve muscle mass increases of 39-61% after just 2 weeks (Table 1 ). These findings demonstrate that the capacity for increasing muscle growth by interfering with this signaling pathway is significantly larger than previously appreciated.
Growth of skeletal muscle postnatally generally occurs by hypertrophy of individual muscle fibers rather than by the formation of new fibers (22) . To determine whether administration of ACVR2B͞Fc to adult mice caused muscle growth by inducing muscle fiber hypertrophy, we examined the gastrocnemius and plantaris muscles of mice injected with either PBS or ACVR2B͞Fc (10 mg͞kg for 4 weeks). For these experiments, we analyzed hematoxylin͞eosin-stained sections prepared from the widest portion of these muscles. Examination of these sections revealed the overall cross-sectional area of the gastrocnemius and plantaris muscles to be significantly increased in mice injected with ACVR2B͞Fc (data not shown). The muscle appeared grossly normal with no evidence of degeneration ( Fig.  2A) . However, muscle fiber sizes in mice injected with ACVR2B͞Fc were clearly increased compared with those of mice injected with PBS (Fig. 2B) . Measurement of 250 muscle fibers from each of three mice injected with PBS revealed mean fiber diameters of 31.5, 34.5, and 35.1 m. In contrast, a similar analysis of three mice injected with ACVR2B͞Fc revealed mean fiber diameters of 39.9, 40.7, and 40.8 m. Hence, administration of ACVR2B͞Fc caused an average increase in the mean fiber diameter by 20% compared with PBS (P ϭ 0.02). Given that overall muscle fiber volume would be predicted to be roughly proportional to the square of the fiber diameter, the observed increases in fiber diameters appear to fully account for the overall increase in muscle weights (32-40%) that we observed upon this regimen of administration of ACVR2B͞Fc.
In addition to measuring fiber sizes, we also analyzed the composition of the muscle in homogenates prepared from these mice. Analysis of the quadriceps muscle revealed total protein content to be increased by 61% from 17.7 Ϯ 4.3 mg in mice injected with PBS to 28.4 Ϯ 2.5 mg in mice injected with ACVR2B͞Fc (P ϭ 0.03). Similarly, total DNA content was increased by 46% from 72.1 Ϯ 7.9 g to 105.5 Ϯ 6.3 g in mice injected with ACVR2B͞Fc (P ϭ 0.02). Hence, the increases in muscle weights induced by administration of ACVR2B͞Fc were accompanied by correspond- ing increases in total protein and DNA content, consistent with muscle fiber hypertrophy. In general, the increases in muscle weights that we observed upon administration of ACVR2B͞Fc appeared to be considerably larger than those obtained in previous experiments with other myostatin inhibitors, such as the D76A mutant myostatin propeptide͞Fc fusion protein (16) and the JA16 neutralizing monoclonal Ab directed against myostatin (8, 15) , raising the possibility that ACVR2B͞Fc might be inhibiting the activities of other ligands in addition to myostatin. To investigate this possibility, we analyzed the effect of injecting ACVR2B͞Fc into Mstn Ϫ/Ϫ mice. Because we wanted to compare the effects of ACVR2B͞Fc in Mstn Ϫ/Ϫ mice directly with those observed in WT C57BL͞6 mice, we used Mstn Ϫ/Ϫ mice that had been backcrossed at least five times onto a C57BL͞6 genetic background. As shown in Table 1 and Fig. 2C , administration of ACVR2B͞Fc (at 10 mg͞kg for 4 weeks) to Fig. 3 . Increased muscle mass in Acvr2 and Acvr2b mutant mice. (A) Percent increase͞decrease in weights of the pectoralis, triceps, quadriceps, and gastrocnemius͞plantaris muscles of Acvr2 ϩ/Ϫ , Acvr2 Ϫ/Ϫ , Acvr2b ϩ/Ϫ , and Acvr2b Ϫ/Ϫ mice relative to WT mice. Calculations for Acvr2 or Acvr2b mutant mice were made relative to WT offspring obtained from matings of Acvr2 ϩ/Ϫ or Acvr2b ϩ/Ϫ mice, respectively. Actual weights, standard errors, and P values are shown in Table 2 . (B) Percent increase͞decrease in weights of the pectoralis, triceps, quadriceps, and gastrocnemius͞plantaris muscles of Acvr2 ϩ/ϩ Acvr2b ϩ/Ϫ , Acvr2 Ϫ/Ϫ -Acvr2bϩ/ϩ, and Acvr2 Ϫ/Ϫ Acvr2b ϩ/Ϫ mice relative to Acvr2 ϩ/ϩ Acvr2b ϩ/ϩ mice. Actual weights, standard errors, and P values are shown in Table 3 . (C) Northern blot analysis of 20 g total RNA isolated from adult WT, Acvr2 Ϫ/Ϫ , and Acvr2b Ϫ/Ϫ mice. mice contrasts with what we have observed using JA16, a neutralizing monoclonal Ab directed against myostatin. In previous experiments, we showed that administration of JA16 to WT mice can cause an up to 25% increase in muscle weights (15, 16) . In further experiments, however, we did not observe any effect on muscle growth when this Ab was administered to Mstn Ϫ/Ϫ mice, even after 9 weekly injections at a dose of 60 mg͞kg (data not shown). These data suggest that the muscle-enhancing effect of the JA16 Ab in WT mice results solely or predominantly from inhibition of myostatin activity. The fact that ACVR2B͞Fc had a proportionately reduced effect in Mstn Ϫ/Ϫ mice compared with WT mice suggests that at least part of the effect of ACVR2B͞Fc in WT mice resulted from its antagonism of myostatin activity. However, the fact that effects of ACVR2B͞Fc were observed at all in Mstn Ϫ/Ϫ mice suggests that ACVR2B͞Fc is capable of antagonizing at least one other ligand that also functions to suppress muscle growth.
We presume that this other ligand (or ligands) is also a member of the TGF-␤ superfamily, but at present, we can only speculate as to its identity. In addition to myostatin, a number of other TGF-␤ family members have been shown to be capable of binding activin type II receptors (for review, see ref. 18) , and any of these could conceivably play a similar role to myostatin in muscle. Perhaps the most likely candidate is GDF-11͞BMP-11, which is highly related to myostatin in the mature region of the protein (2, 23, 24) and is also expressed in skeletal muscle. Genetic studies in mice have demonstrated clear roles for Gdf11 in regulating anterior͞posterior patterning (25) , kidney development (25, 26) , neuronal development (27, 28) , and pancreas development (29) . Because mice completely lacking GDF-11͞BMP-11 die during the perinatal period, however, elucidation of the role, if any, that GDF-11͞ BMP-11 plays in regulating muscle growth will require the generation of mice in which the Gdf11 gene can be deleted in either a muscle-specific or inducible manner. Whatever the identity of this other ligand may be, the broader specificity of ACVR2B͞Fc compared with other myostatin inhibitors likely explains its ability to enhance greater muscle growth than has been observed previously with these other inhibitors.
To determine whether the effects of myostatin and the other ligand in regulating muscle growth are mediated by ACVR2, ACVR2B, or both, we examined the muscles of mice carrying mutations in one or both activin type II receptor genes. Acvr2 mutant mice have been shown previously to have craniofacial defects as well as abnormalities in reproductive function (19) . Although some Acvr2 Ϫ/Ϫ mice die during the early perinatal period, many homozygous mutants survive to adulthood. To assess whether ACVR2 may be involved in regulating muscle growth, we compared the weights of the pectoralis, triceps, quadriceps, and gastrocnemious͞plantaris muscles isolated from 4-month-old WT, heterozygous, and homozygous mutant offspring obtained from crosses of heterozygous mice. As shown in Table 2 and Fig. 3A , weights of individual muscles of female Acvr2 Ϫ/Ϫ mice showed statistically significant (P Ͻ 0.001) increases of 27-40% compared with those of WT control mice. These increases were observed in each of the muscles that were examined, and statistically significant increases also were seen in the same muscle groups in male mice, although to a lesser degree (16-23%; data not shown).
We also carried out a similar analysis of Acvr2b mutant mice. Acvr2b Ϫ/Ϫ mice have been shown to have defects in both axial and left-right patterning as well as in kidney formation (20) . Despite these abnormalities, Ϸ30% of Acvr2b Ϫ/Ϫ mice survive to adulthood. As shown in Table 2 and Fig. 3A , analysis of the pectoralis and triceps muscles of surviving female Acvr2b Ϫ/Ϫ mice at 4 months of age revealed statistically significant (P Ͻ 0.01) increases in muscle weights of 26% and 20%, respectively, compared with WT mice. However, no statistically significant increases were observed in the quadriceps and gastrocnemious͞plantaris muscles. Virtually identical results were obtained from analysis of male Acvr2b Ϫ/Ϫ mice, which showed increases of 27% and 24% in the weights of the pectoralis and triceps muscles, respectively, and no statistically significant increases in the weights of the quadriceps and gastrocnemious͞plantaris muscles (data not shown).
Based on these data, both ACVR2 and ACVR2B appear to be involved in regulating muscle mass in vivo. All four muscle groups examined were increased in size in mice lacking ACVR2, whereas two of the four muscle groups were affected in mice lacking ACVR2B. In neither case, however, were the increases comparable with those seen in Mstn Ϫ/Ϫ mice, which have muscles about twice the size of WT mice (2) . Therefore, we generated compound mutants to investigate the possibility that the functions of these two receptors in regulating muscle mass may be redundant with one another. Previous studies using this same Acvr2b mutant allele in combination with a different Acvr2 mutant allele showed that Acvr2 Ϫ/Ϫ Acvr2b Ϫ/Ϫ and Acvr2 Ϫ/Ϫ -Acvr2b ϩ/Ϫ embryos die early during gestation and that Acvr2 ϩ/Ϫ -Acvr2b Ϫ/Ϫ mice die either late during gestation or during the perinatal period (30) . Consistent with these findings, we did not obtain any Acvr2 Ϫ/Ϫ Acvr2b Ϫ/Ϫ or Acvr2 ϩ/Ϫ Acvr2b Ϫ/Ϫ mice at weaning among 359 offspring born from crosses of Acvr2 ϩ/Ϫ -Acvr2b ϩ/Ϫ mice. Unexpectedly, we also obtained just a single male adult mouse that was Acvr2 ϩ/ϩ Acvr2b Ϫ/Ϫ even though we readily obtained Acvr2b Ϫ/Ϫ offspring from crosses of Acvr2b ϩ/Ϫ mice. We do not know the reason for this discrepancy, although potential explanations would include differences in genetic background or maternal effects resulting from loss of one Acvr2 allele.
From these crosses of Acvr2 ϩ/Ϫ Acvr2b ϩ/Ϫ mice, we did obtain the other genetic combinations, and we analyzed the muscles of these offspring at 4 months of age. Analysis of Acvr2 Ϫ/Ϫ Acvr2b ϩ/ϩ progeny from this cross generally confirmed the findings described above, although we did find some quantitative differences presumably as a result of either maternal effects or different genetic backgrounds introduced by the interbreeding. In particular, Acvr2 Ϫ/Ϫ Acvr2b ϩ/ϩ progeny of crosses of double heterozygotes did have statistically significant increases in muscle mass compared with Acvr2 ϩ/ϩ Acvr2b ϩ/ϩ mice (Table 3 and Fig. 3B ), but the magnitude of the increases was smaller (13-23% in females; 9-19% in males) than that observed in Acvr2 Ϫ/Ϫ progeny obtained from matings of Acvr2 ϩ/Ϫ mice.
In contrast to previously reported studies, we did obtain viable Acvr2 Ϫ/Ϫ Acvr2b ϩ/Ϫ offspring from crosses of doubly heterozygous mice. Analysis of muscle weights in Acvr2 Ϫ/Ϫ Acvr2b ϩ/Ϫ mice compared with Acvr2 ϩ/ϩ Acvr2b ϩ/Ϫ and Acvr2 Ϫ/Ϫ Acvr2b ϩ/ϩ mice showed that although the presence of one mutant Acvr2b allele had no effect on an Acvr2 ϩ/ϩ background, loss of a single copy of Acvr2b caused further increases in muscle mass in the complete absence of Acvr2 (Table 3 and Fig. 3B ). For example, in female mice, the weight of the triceps was increased by 16% in mice lacking both copies of Acvr2 and by 32% in mice additionally lacking one copy of Acvr2b. Similar trends were observed in the other muscle groups that were examined. For most of the muscle groups analyzed in female mice, there was a statistically significant difference in comparing Acvr2 ϩ/ϩ -Acvr2b ϩ/ϩ mice with Acvr2 Ϫ/Ϫ Acvr2b ϩ/ϩ mice as well as in comparing Acvr2 Ϫ/Ϫ Acvr2b ϩ/ϩ mice with Acvr2 Ϫ/Ϫ Acvr2b ϩ/Ϫ mice. We also observed the same trends in male mice, although all of the differences were somewhat reduced compared with those observed in female mice (data not shown); additional experiments will be required to determine the significance, if any, of the gender differences in the magnitude of these effects.
Nevertheless, these data constitute strong evidence that the two receptors are functionally redundant with respect to regulating muscle mass. Because we could not analyze mice completely lacking both receptor genes and because these genetic studies could not distinguish developmental from postnatal effects on muscle mass, we examined the effects of injecting ACVR2B͞Fc into mice lacking either ACVR2 or ACVR2B. In these experiments, we analyzed the effects on both WT and homozygous mutant offspring obtained from crosses of heterozygous mice to control for differences in genetic backgrounds. As shown in Table 4 , administration of ACVR2B͞Fc (at a dose of 10 mg͞kg for 4 weeks) to Acvr2 ϩ/ϩ mice resulted in increases in muscle growth by 41-44% in the various muscle groups examined. Significantly, these increases in muscle growth were somewhat attenuated (29-37%), but not eliminated, in Acvr2 Ϫ/Ϫ mice. Similarly, administration of ACVR2B͞Fc to Acvr2b ϩ/ϩ mice caused increases in muscle growth by 35-49%, and similar effects were also observed in Acvr2b Ϫ/Ϫ mice (28-49%). The finding that ACVR2B͞Fc caused muscle growth in mice deficient for either receptor suggests that the effect of ACVR2B͞Fc in WT mice does not result from inhibition of signaling solely through ACVR2 or solely through ACVR2B. The simplest interpretation of these data is that both ACVR2 and ACVR2B regulate muscle growth in adult mice. Consistent with these findings, we were able to detect expression of both Acvr2 and Acvr2b transcripts in adult muscle by Northern blot analysis (Fig. 3C) . Although levels of Acvr2 expression varied considerably from muscle to muscle, the relative expression levels did not appear to correlate with the relative magnitude of muscle weight increases induced by ACVR2B͞Fc in these muscles (Table 4) .
Together, the data presented here demonstrate that multiple ligands, including myostatin, signal through ACVR2 and ACVR2B to limit muscle growth, with perhaps ACVR2 playing a more prominent role. Additional experiments will be required to determine whether each ligand regulating muscle growth signals through both receptors or whether each receptor is specific for a given ligand in vivo. It also will be important to identify all of the components of this signaling pathway in muscle, because agents capable of blocking this pathway could have widespread applications for the treatment of human conditions in which increasing muscle growth may be beneficial as well as for livestock production.
